Vacuolation of pancreatic acinar cells was observed in X gene knockout (KO) mice with a C57BL/6J mouse background. Although similar lesions are empirically known to be observed in other mouse strains, these cases are rare and have not been well documented. Herein, we present a detailed pathological examination of this lesion using four strains including KO mice. We performed immunohistochemical staining and electron microscopy to examine in detail the morphological characteristics of the vacuoles in the pancreas.

Four strains of non-treated or 0.5% methylcellulose solution-treated mice were used in this study: 17-week-old male X gene KO mice with a C57BL/6J mouse background (n=15; five wild-type, five hetero-KO, and five homo-KO mice, CLEA Japan, Inc., Tokyo, Japan), 110-week-old Crlj:CD1(ICR) mice (n=298; 150 male and 148 female mice, Charles River Laboratories Japan, Kanagawa, Japan), 110-week-old B6C3F1/Crl mice (n=110, 55 male and 55 female mice, Charles River Laboratories Japan), and 34-week-old CByB6F1-Tg(HRAS)2Jic (*ras*H2) mice (n=399; 200 male and 199 female mice, CLEA Japan, Inc.). This study was approved by the Ethics Review Committee for Animal Experimentation of Daiichi Sankyo Co., Ltd. (Tokyo, Japan) and was performed in accordance with the guidelines of the Animal Care and Use Committee of Daiichi Sankyo Co., Ltd. and in compliance with the laws or guidelines relating to animal welfare including the Standards Relating to the Care and Management, etc. of Experimental Animals (Notification No. 6 of the Prime Minister's Office, Japan, March 27, 1980) and Guidelines for Animal Experimentation (Japanese Association for Laboratory Animal Science, May 22, 1987). Animals were housed in individual or pair breeding cages in an animal study room with a controlled temperature of 20 to 26°C, humidity of 30% to 70%, and a 12-h light (150 to 300 lux) and 12-h dark cycle. A certified pellet or powder diet (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water were provided *ad libitum*.

The mice were euthanized by exsanguination under anesthesia. The pancreases of the mice were fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (HE). Periodic acid--Schiff (PAS), alcian blue, immunohistochemistry (trypsin, carboxypeptidase A, DNA damage-inducible transcript 3 \[DDIT3\], and activating transcription factor 4 \[ATF4\]), immunofluorescence (calreticulin), and electron microscopy assays were performed in mice with acinar cell vacuolation. Alcian blue staining, immunohistochemistry, and immunofluorescence were performed using samples from the KO mice. For immunohistochemistry or immunofluorescence, following incubation of the sections with 4% Block Ace^TM^ (Snow Brand Milk Products Co., Ltd., Sapporo, Japan) and Protein Block Serum (Dako, Agilent Technologies, Inc., Santa Clara, CA, USA) or Goat Serum (Dako, Agilent Technologies, Inc.), dewaxed sections were incubated with the antibodies summarized in [Table 1](#tbl_001){ref-type="table"}Table 1.Protocol of Immunohistochemistry and Immunofluorescence. The immunoenzyme polymer method, indirect immunofluorescence method, Mouse on Mouse polymer IHC Kit (Abcam plc., Cambridge, UK), and labeled streptavidin-biotin (LSAB) staining method were used for anti-trypsin and anti-carboxypeptidase A antibodies, anti-calreticulin antibody, anti-DDIT3 antibody, and anti-ATF4 antibody, respectively. After immunoreaction with the secondary antibodies summarized in [Table 1](#tbl_001){ref-type="table"}, the sections were stained with diaminobenzidine and counterstained with Mayer's hematoxylin, except for the calreticulin assay. For the calreticulin assay, fluorescence was analyzed using a BZ-X700 microscope (Keyence Corporation, Osaka, Japan).

Portions of the 10% neutral-buffered formalin-fixed tissue specimens from several pancreas samples with acinar vacuolation of KO and *ras*H2 mouse were cut into cubes of 1 mm^3^, refixed in 2.5% glutaraldehyde, and postfixed in 1% OsO~4~ for 2 h. These specimens were then dehydrated through ascending grades of alcohol and embedded in epoxy resin. Ultrathin sections were double-stained with uranyl acetate and lead citrate and examined using an H-7500 transmission electron microscope (Hitachi High-Technologies Corporation, Tokyo, Japan) at 80 kV.

Light microscopy showed vacuoles in pancreatic acinar cells in all examined strains. The incidence in each strain is summarized in [Table 2](#tbl_002){ref-type="table"}Table 2.Incidence of Vacuolation of Pancreatic Acinar Cells in Mice. No vacuolation was observed in any other organs of these animals. The vacuoles were usually observed in a unit of the acinus, and the lesions were spread through the pancreas geographically ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Light micrograph of the pancreas of a knockout (KO) mouse with a C57BL/6J mouse background showing vacuolation of the acinar cells. Vacuolar lesions were observed throughout the pancreatic lobules. Hematoxylin and eosin (HE) staining. Scale bar=100 μm.). The vacuoles were located between the basal ergastoplasm and luminal zymogen granules in the acinar cells and were uniformly sized ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Higher magnification of [Fig. 1](#fig_001){ref-type="fig"}. Microvacuoles contained weakly basophilic material and were mainly observed between the basal ergastoplasm and the apical lumen in the acinar cells. The vacuoles showed a uniform size. Note the decrease of zymogen granules in these cells. HE. Bar=50 μm (inset, scale bar=20 μm).). Decreased zymogen granules were observed in these cells, but single-cell necrosis was not observed. The vacuoles contained weakly basophilic material which was positive for the PAS reaction ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Microvacuoles were weakly positive for periodic acid--Schiff reaction in KO mice. Scale bar=50 μm (inset, scale bar=20 μm).) and negative for Alcian blue staining. In immunohistochemistry and immunofluorescence assays of the KO mice, the vacuoles were positive for calreticulin antibody ([Fig. 4](#fig_004){ref-type="fig"}Fig. 4.Microvacuoles contained calreticulin, a molecular chaperon protein in endoplasmic reticulum in KO mice. Immunofluorescence. Scale bar=50 μm.) and negative for trypsin, carboxypeptidase A, DDIT3, and ATF4 antibodies. Electron microscopy revealed globular dilatation of the rough endoplasmic reticulum (rER) up to a diameter of 1 to 2 µm, and the rER occasionally showed a beaded appearance ([Fig. 5](#fig_005){ref-type="fig"}Fig. 5.Electron micrograph of an acinar cell with microvacuoles in the cytoplasm of a KO mouse. Many microvacuoles were observed between the basal ergastoplasm and the apical lumen. Scale bar=2 μm.). Coincident with the light microscopy findings, these cells lacked most of their zymogen granules. Accumulation of proteinaceous material showing mosaic electron density was observed in the enlarged rER ([Fig. 6](#fig_006){ref-type="fig"}Fig. 6.Higher magnification of [Fig. 5](#fig_005){ref-type="fig"}. The rough endoplasmic reticulum was dilated and contained a proteinaceous substance showing mosaic electron density. Note studded ribosomes at the surface of the vacuoles. Scale bar=50 nm.). Other microorganisms did not show any abnormalities.

Pancreatic acinar cell vacuolation occurs through a degenerative process that leads to the intercellular accumulation of different types of substances, including fluids, lipids, phospholipids, and glycoproteins^[@r1]^. It is impossible to conclusively characterize the nature of the intracytoplasmic vacuoles by HE staining. Using electron microscopy, these vacuoles could be distinguished based on the enlargement of the ER^[@r2],[@r3]^, Golgi apparatus^[@r4]^, mitochondria^[@r5]^, and autophagic vacuole or the accumulation of lipids^[@r6],[@r7]^. In the present study, the surface of the vacuoles was studded with ribosomes and was positive for calreticulin, a molecular chaperone protein located inside the rER^[@r8],[@r9]^, indicating that the vacuoles originated from the rER. A positive PAS reaction and ultrastructural mosaic electron density indicated the accumulation of proteinaceous material in the vacuoles. The zymogen granules in the acinar cells show varied electron density and become dense during their maturation, as observed by electron microscopy^[@r10]^. Therefore, the vacuoles in the present study might contain digestive enzymes at a variety of development stages. However, the vacuoles were negative for mature digestive enzymes such as trypsin and carboxypeptidase A^[@r11]^ according to immunohistochemistry. Since decreased zymogen granules were observed in the vacuolated cells, it was speculated that digestive enzyme formation was dysfunctional.

In acinar cells, secretory protein transcripts pass across the ER, where folding, glycosylation, and disulfide bond formation occur^[@r12]^. Thus, the ER forms the first compartment of the secretory pathway, followed by the formation of the Golgi apparatus, the condensing of vacuoles, and the secretion of granules. Protein folding in the ER is affected by many parameters, including pH, calcium levels, oxidative stress, and the availability of chaperones, foldases, and protein disulfide isomerases. An imbalance of these parameters leads to an accumulation of misfolded proteins and induces ER stress^[@r13]^. A major component of the ER stress response is the unfolded protein response (UPR), which maintains an equilibrium between the capacity and demand for protein folding within the ER^[@r14]^. At low-to-moderate levels of ER stress, the UPR increases the folding capacity of the ER by the enlargement of the ER and the increased synthesis of molecular chaperones and foldases^[@r15],[@r16]^. Calreticulin is a chaperone found in sensor proteins that recognizes misfolded proteins and prevents them from being exported from the ER to the Golgi apparatus^[@r8],[@r9]^. In the present study, calreticulin was observed in the enlarged rER, indicating an accumulation of misfolded proteins and ER stress in vacuolated cells. However, DDIT3 and ATF4, known markers of ER stress in biological studies^[@r17]^, were negative according to the immunohistochemistry assay. DDIT3 and ATF4 are proteins involved in the protein kinase R-like endoplasmic reticulum kinase (PERK) pathway which induces apoptosis through regulation of the Bcl-2 family and reactive oxygen species (ROS) formation^[@r18]^. The lack of expression of these pro-apoptotic markers led to a lack of necrosis in the present case; however, further examination of other ER stress proteins, such as inositol-requiring enzyme 1 and ATF6, is required in order to understand the pathogenesis of vacuoles.

The typical characteristics of vacuolation were observed in all tested strains, implying that this lesion is a rare spontaneous lesion in mice. In our study, this lesion was not found to be dependent on sex or age. KO mice showed a higher incidence of vacuolation than other strains; however, this is likely to be due to the number of KO mice examined in this study. More data on C57BL/6J mice is required to discuss strain dependency. In KO mice, the X gene is not expressed in the pancreas but is mainly expressed in the aorta and ovaries (data not shown), suggesting that this lesion is not related to the knockout of the X gene. It is well known that chronic ER stress causes acinar cell apoptosis, which can lead to necrosis, a severe inflammatory response, acute respiratory distress, or life-threatening multiorgan failure^[@r13]^. Pancreatitis is uncommon in mice, only occurring in 3% to 5% of the control group in 2-year carcinogenicity studies^[@r19]^; however, its relationship with vacuolation is not known. In the present study, although vacuolation was observed in 110-week-old mice, these mice did not show any signs of necrosis or inflammation, suggesting that this lesion does not develop into an irreversible injury. In addition, lesions were observed in a unit of the acinus, and no mice showed diffuse vacuolation as an end stage of this lesion. Although the progress of this lesion has yet to be fully elucidated, our data suggest that vacuolation is not a progressive, severe, or degenerative lesion.

In conclusion, the vacuoles in the present study were found to be positive for the PAS reaction and consisted of an enlarged rER, which was caused by an accumulation of misfolded proteins.
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